Sourcing subsurface evaporation (E ss ) into groundwater (E g ) and unsaturated zone (E u ) components has received little scientific attention so far, despite its importance in water management and agriculture. We propose a novel sourcing framework, with its implementation in dedicated post-processing software called SOURCE (used along with the HYDRUS1D model), to study evaporation sourcing dynamics, define quantitatively "shallow" and "deep" water table conditions and test the applicability of water table fluctuation (WTF) and "bucket" methods for estimation of E g and E u separately.
Introduction

Basic concepts
Evaporation from bare soil is a large component in the water budget of arid and semi-arid areas; it can amount to 50-70% of total precipitation in a year (Baldocchi and Xu 2007) . The evaporation (E) is part of the evapotranspiration (ET). The ET is the sum of two different processes: (a) direct evaporation, E, which is a physical process of water removal from groundwater (groundwater evaporation), from soil (soil evaporation), from leaves (wet canopy evaporation or interception loss), and from surface water bodies (pan evaporation), and (b) transpiration of plants, T, which is a physiological process.
The division of ET into the E and T fluxes is referred to here as partitioning. Partitioning of ET is relevant to understanding the role of plants in the water budget and is required to develop water management strategies, e.g. in irrigation or groundwater protection, and also in stabilization of slopes. Recent attempts to partition ET have been stimulated by development of new techniques such as (a) eddy covariance and Bowen ratio methods for measurement of total ET of a specific area (Brutsaert and Chen 1995, Williams et al. 2004) ; (b) sap flow techniques for measurement of T (Cavanaugh et al. 2010 , Miller et al. 2010 ; (c) isotopic composition of the vapour to investigate the origin of the water vapour, i.e. estimate either T or E (Williams et al. 2004 ) and (d) soil moisture profiling and lysimeters to estimate under-canopy evaporation (Wilson et al. 2001 , Wang et al. 2010 . The partitioning, however, cannot explain how much of the infiltrated rainwater remains in the upper soil, being potentially available for plants, crops and soil evaporation, and how much reaches the saturated zone or capillary fringe hydraulically connected with the water table. Knowledge of the source (sourcing) of evapotranspired water (i.e. the water storage zone affected by evaporation discharge) is vital for agriculture and water management activities.
In this paper, the approach to sourcing follows Lubczynski and Gurwin (2005) , where the sources of ET are first divided into a surface evaporation term (E s : wet canopy evaporation, evaporation from water bodies etc.) and a subsurface evapotranspiration term (ET ss , Equation (1)). The term ET ss is then divided into two subsurface components: the unsaturated zone evapotranspiration (ET u ) and the groundwater evapotranspiration (ET g ), as in Equation (2):
Combining Equations (1) and (2) and partitioning ET u and ET g results in Equation (3):
After rearranging Equation (3), subsurface components of evaporation (E ss ) and transpiration (T ss ) can be obtained as follows:
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where E ss and T ss are the subsurface evaporation and transpiration, with E g , E u , T g and T u the groundwater and unsaturated zone components of evaporation and transpiration, respectively. However, the definitions given in Lubczynski and Gurwin (2005) for these fluxes have still to be expressed as quantitative, physical formulas specifying the conditions for which they hold, and have to be analysed in terms of their practical implications. The determination of individual contributions of saturated and unsaturated zone evapotranspiration fluxes is called sourcing. The sourcing of subsurface fluxes is already known in scientific literature. For example Williams et al. (2004) sourced tree transpiration in order to assess the effect of tree water uptake on groundwater resources. In areas that experience water scarcity, the estimation of E u is important in understanding the amount of unsaturated zone water effectively available to plants (Rockström 2003) , while the estimation of E g is required for sustainable use of groundwater resources. Knowing separate estimates of E u , E g , T g and T u is also important in understanding the upward water fluxes in the soil profile, helping in the control and mitigation of salinization effects (Shah et al. 2007 , Gran et al. 2011 .
The water scarcity of arid and semi-arid climates increases the importance of groundwater resources. Without an accurate groundwater budget, aquifers cannot be exploited in a sustainable manner. The accuracy of a groundwater budget depends on determination of the E g that directly affects that budget. Neglecting E g by assuming E = E u can result in substantial water budget errors (Lubczynski 2000 , Lubczynski et al. 2011 .
In this paper, we focus only on evaporation from soils with no vegetation (bare soil), and more precisely on sourcing E ss into E g and E u , to understand the movement and availability of water in the subsurface. The sourcing of E ss in bare soils is particularly relevant in playas, dry lakes, arid areas where vegetation is absent or seasonally dormant (e.g. deserts, open woodlands and savannahs during dry seasons, see Cavanaugh et al. 2010) , bare soil areas divided by patches of crops and recently ploughed agricultural fields.
Evaporation conceptual models in a sourcing context
To explain the idea of sourcing, we show it using three types of conceptual models of evaporation: steady state, quasisteady state and transient models.
Steady state models
The steady state condition occurs when evaporative conditions and water table (Z WT ) are both constant in time; the latter can for example occur in a wetland, where a shallow water table is in direct contact with the soil surface so that the groundwater inflow balances the evaporation. In such a case the rate of E ss depends on the evaporative conditions at the soil surface (Hillel 1998 ) and on the depth of the water table (Z WT ). As shown by Gardner and Fireman (1958) and Ripple et al. (1970) , when Z WT is so close to the surface that the upward water flow is not constrained by the soil hydraulic properties, E ss is equal to E g and to the potential evaporation E p (in such a case, the water table is referred as "shallow"); with increasing Z WT , the E ss decreases until it reaches an asymptotic value very close to zero at a depth that depends on soil hydraulic properties and that can be called the "evaporation extinction depth", a term used by Shah et al. (2007) , which matches the concept of zero flux plane (Zeng et al. 2009b ; in such a case, the water table is referred as "deep").
Quasi-steady state models
Meteorological and hydrological conditions are never steady state. The quasi-steady state condition is assumed when the evaporative conditions are constant in time while the Z WT is allowed to change with time, for example in the case of a noflow boundary at the bottom of a closed column in laboratory conditions. In such a case the three Z WT conditions (shallow, intermediate and deep water table) occur sequentially as a natural consequence of drying; these are similar to the three stages of evaporation (constant rate, falling rate and slow rate stages) distinguished after an infiltration event in a soil with a relatively shallow water table (Van Bavel and Hillel 1976 , Miyazaki 1993 , Brutsaert and Chen 1995 .
If the water table is shallow (e.g.~0.5 m deep with sand to clay materials), the evaporation will be at a maximum, and E g = E p because the water evaporates directly at the surface. These conditions (E g = E p ) are often referred as the "shallow water table", and are typical of wetlands (as in Sanderson and Cooper 2008) . The water evaporation results in a decline of the water table; at a certain Z WT the water will start to flow upward by capillarity from the saturated zone to the ground surface to be evaporated, so E g ≤ E p , and E g will depend on the unsaturated hydraulic conductivity of the soil material and the gradient in water potential. If Z WT reaches a depth from which the liquid-water films can no longer reach the ground surface, E g becomes zero (Hillel 2004 ). We will refer to these conditions as the "deep water table" condition, and to the conditions that are neither "shallow" nor "deep" as "intermediate". When E g = 0, then E = E u , and E u = P − R o − I e , where P is precipitation, R o is runoff, and I e is the "effective infiltration" (Zeng et al. 2009a) , i.e. the water that continues to seep downward until it eventually reaches the aquifer and, hence, leaves the unsaturated zone and enters the saturated zone.
Transient models including thermal and water vapour fluxes
The assumption of steady evaporative conditions made for quasi-steady state models very often does not hold as temperature, humidity and solar radiation vary over large ranges on short (daily) and long (yearly) temporal scales. For example, in a desert, the soil skin temperature (the temperature at the ground surface) can change by up to 40°C over a day (Prigent et al. 1999) , while temperature in the lower soil profiles is more stable. This creates strong soil temperature gradients which form and change every day, resulting in a continuous heat flow through the soil (the soil temperature gradients fluctuate during the year as well, in response to changes in the daily average temperature at the soil surface).
In such conditions, even if there is no hydraulic contact between the capillary fringe and the soil surface, i.e. groundwater-originated liquid-water films cannot reach the ground surface, water is still able to evaporate from a certain depth of subsurface and to reach the surface in the form of vapour driven by pressure, temperature and concentration gradients, passing through a dry soil layer (Gowing et al. 2006) . Including the effects of changes in temperature throughout the profile, and including water vapour formation and flow, results in a set of highly nonlinear equations, which have to be solved using numerical methods.
1.3 Measurement techniques for sourcing of E ss E g can be measured by any method able to measure E ss (e.g. using eddy covariance methods or lysimeters) under the "shallow water table assumption", i.e. when E u = 0 and E ss = E g (see Equation (4)). Also, E u can be measured by any method able to measure E ss under the "deep water table assumption", i.e. when E g is assumed equal to zero so that E ss = E u . Nevertheless, to use these two assumptions, a clearer definition of "shallow" and "deep" water Soil moisture sensor profiles can be used to estimate E ss . The soil moisture sensors measure changes of water content in the unsaturated zone at different depths, which are integrated over the profiles to obtain the total change in unsaturated zone water storage (Rushton et al. 2006 ; this method will be referred to from now on as the "bucket model" method or just "bucket" method). However, this method is not very accurate: first, because of its assumption that the soil moisture in a layer of soil is equal to the soil moisture measured by a sensor positioned in that layer (which is often not realistic); second, because the low unsaturated zone water content in arid and semi-arid areas is usually beyond the detection threshold of most soil moisture sensors (Vereecken et al. 2008) ; third, the probe measurement of soil moisture gives no information on the vapour flow in the soil (Lubczynski 2009 ).
Stable-isotope profiling can be used to detect and quantify water fluxes in the soil, i.e. to perform sourcing of E ss (Walker et al. 1988 , Allison 1998 ). The method is based on the principle of isotopic fractionation of water molecules during evaporation. The evaporating water vapour is usually enriched in lighter isotopes, while the remaining liquid water becomes increasingly enriched in heavier isotopes as the evaporating process goes on. In the "standard method" , knowledge of the isotopic fractionation of soil moisture in the soil profile was used to simulate the liquid water fluxes in the soil, the dynamics of the evaporation front, and finally to estimate E ss . In that method, however, the unsaturated zone water flow was not directly measured. Isotopes can also be injected into the soil and used as tracers to quantify the upward flow of liquid water in the soil profile (Scanlon and Milly 1994 , Scanlon 2000 , Scanlon et al. 2003 , Kwicklis et al. 2006 . However, Grünberger et al. (2011) showed that, when the water fluxes are small (e.g. less than 10 -1 m year −1 ), estimates of E ss by the two methods (injection method and stable-isotope method) do not compare well.
Another method that can be used to estimate E g in water budget studies is the "water table fluctuation method" (White 1932 , Loheide et al. 2005 , which relies on the assumption that in a valley landscape the daily cycle of groundwater evapotranspiration from a shallow phreatic aquifer will result in a daily fluctuation of the water table (Lautz 2008) . In principle, this method can be used to calculate E g when (a) the water table is not "deep"; (b) the related fluctuation magnitude is big enough to be detected by water level recorders (pressure transducer and logger); (c) no vegetation influences that fluctuation; (d) the study takes place in a discharge area (only in discharge areas can the water evaporated during the day be replenished during the night from upstream areas); (e) all other influences such as barometric, Earth and Moon tides are filtered out. This method, however, to the best of our knowledge, has never been used to determine E g .
Aim of the paper
There are many theoretical, laboratory and field studies on evaporation from bare soil; many of them source the evaporating water, either by focusing on unsaturated zone water or on groundwater, assuming the other source to be negligible. A more general approach, applicable to different evaporative conditions, should take into account both the water stored in the unsaturated zone and the water stored in the aquifer. An example is the use of a model, as in the study by Shah et al. (2007) , to obtain an analytical expression for the relationship between E g and E u , which can be later applied to the aquifer model in order to source the E g component of the water balance. Another possibility is to directly couple a numerical, vadose zone model to the aquifer model, in order to predict the water fluxes in the unsaturated zone, and dynamically adjust the sourcing depending on the evaporative conditions and water availability (Twarakavi et al. 2008) .
None of the above-mentioned measurement techniques for sourcing, however, takes into account heat and water vapour flow next to the liquid flow in the subsurface. Moreover, to clarify the evaporation sourcing framework, it is fundamental to define non-ambiguously the basic concepts necessary to formulate the E ss sourcing framework, i.e. to define the evaporative contributions of the two compartments (saturated and unsaturated zones) to the E ss , the assumptions for "shallow" and "deep" water tables, the term "evaporation extinction depth" and the role of soil hydraulic properties in the water vapour transfer.
The aim of this paper is to propose a framework for the sourcing of E ss and to implement it as a post-processing package for the HYDRUS1D model, in order to show the consequences of the sourcing on evaporation, notably to refine calculation of groundwater recharge. In the sourcing framework, we take into account the vapour and heat flow along with capillary flow and evaluate their effect on the sourcing definitions. The paper is structured as follows: (a) synthesis and formulation of a sourcing framework; (b) implementation of a sourcing method based on the formulated framework; (c) analysis of case studies of sourcing soil evaporation using the proposed sourcing framework.
2 Methodology: the proposed sourcing framework 2.1 Definitions 2.1.1 Definition of E g We define groundwater evaporation (E g ) as the evaporative flux corresponding to the decrease of water stored in the saturated zone (groundwater) due to loss of water vapour at the soil surface. The result for E g , in the case of no external water inputs or outputs (i.e. a closed column), is a decline of the water table (i.e. increase of Z WT in time: dZ WT /dt > 0; Fig. 1 ). In the case of bare soil (T = 0), with no water input from the top boundary and no-flow boundary condition at the bottom, groundwater evaporation E g is:
where θ sat is the water content at saturation, θ r is the residual water content (the assumption is that the water content in the soil is never below the θ r value), Z WT is the water table depth (Z is depth, which is zero at the surface and positive downward) and t is time; E g is considered as a positive quantity when the water table depth is increasing (dZ WT /dt > 0) and negative when decreasing (dZ WT /dt < 0).
In the closed column experiment, changes in water table depth are driven by E g , so refer to the loss of free water content of the saturated zone, which is equal to the difference between saturation and residual water contents (θ sat − θ r ). The term θ r dZ WT /dt represents the residual water content left in the unsaturated zone after the evaporation process, which has not evaporated and, hence, is not counted in E g .
Definition of E u
We define the unsaturated zone evaporation (E u ) as the evaporative flux at the soil surface (Fig. 2) corresponding to the decrease of water stored in the unsaturated zone. Assuming no infiltration events (no input of water from the top boundary, Z top ) and absent or very deep water table (no input of water from bottom boundary), then:
where θ is soil moisture. The E u term is considered a positive quantity when the amount of soil moisture in the soil is decreasing, hence the minus sign in Equation (7). If we want to take into account precipitation events, we should include the infiltration term (I, water entering the column from the top boundary) and the recharge term (R, water converted to saturated zone water); we then obtain: Figure 1 . Graphical representation of E g in a closed soil column with falling water table. θ r is residual water content; θ sat is saturation water content. The two curves represent two soil moisture profiles with depth, at the beginning (t 1 ) and at the end (t 2 ) of the groundwater evaporation (E g , area between the two curves marked by vertical line shading) process, corresponding to water table decline from Z WT1 to Z WT2 respectively; a is water converted to unsaturated zone water type due to falling water table (squared grid).
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Figure 2. Graphical representation of E u under stable evaporative conditions and large Z WT , i.e. absent saturated zone. θ r is residual water content; θ sat is saturation water content. The two curves represent two soil moisture profiles with depth, at the beginning (t 1 ) and at the end (t 2 ) of the unsaturated zone evaporation (E u , area between the two curves marked by vertical line shading) process.
Finally, if we want to include the presence of a water table in the soil profile, we must include the water converted from saturated zone to unsaturated zone water (and vice versa) when the water table is moving upward due to recharge (R) or downward due to groundwater evaporation (E g ). The resulting E u is then:
where Δt = t 2 − t 1 , ΔS unsat is the change in water stored in the unsaturated zone, and Z WT1 and Z WT2 are the vertical positions of the water table at time t 1 and t 2 respectively. The derivation of Equation (9) is included in Appendix A.
Application to the conceptual models
Steady state condition
If no changes in time in the soil moisture profile take place, then E u = 0. In such a steady state condition, E ss = E g ≠ 0 only if water is supplied continuously to the system, for example as lateral groundwater inflow (GW in ) with rate equal to E g (GW in = E g ), a rate that can be calculated following Gardner and Fireman (1958) :
where h s is pressure head at the surface, and a, b, n are empirical constants dependent on soil type. However, Equation (10) does not take vapour flow into account. If the water table is at large depth so that there is a dry soil layer at the shallow subsurface with soil moisture at the residual state, then the evaporation takes place at the lower boundary of that soil layer, called the "evaporation front". In such a case the water moves in the vapour state from the evaporation front to the soil surface and is not accounted for in Equation (10). The solution for such movement is given in Equation (11) (Gardner 1958 , Gowing et al. 2006 ):
where Q v is vapour flow, e is vapour pressure, e sat is the saturated vapour pressure at atmospheric temperature, D v (θ) is the diffusivity of water vapour through the soil (which is the limiting factor for E ss , and may be calculated as in Rose 1963) and Z e is the depth of the evaporation front. The highest steady state evaporation rate is reached when the water table is at the surface (depth = 0) and the lowest when the water table is too deep to reach the surface by capillary flow so the water flow through the unsaturated zone depends entirely on the vapour flow.
Quasi-steady state condition
In the quasi-steady state condition of a saturated, closed soil column (no-flow bottom boundary condition), which dries due to constant evaporative conditions at the top boundary, E ss = E g + E u and the definitions of E g and E u as in Equations (6) and (9) can be applied: E g can be calculated from the drop in the water table, and E u is equal to the change in soil moisture in the unsaturated zone in time minus the amount of soil moisture converted from saturated zone water to unsaturated zone water:
If Z WT is at the soil surface, no unsaturated zone exists, and Equation (12) simplifies to the steady state conditions of Equation (10). When there is no liquid water connection between the saturated zone and the soil surface, E g depends on the flow of water vapour. In general, this water vapour flow tends to reach steady state (Equation (11)) with time; this concept is in Walvoord et al. (2002a Walvoord et al. ( , 2002b , though it is referred to there as a "long-time transient" state that "appears as a steady state"; i.e. the rates are so small that it seems that no change occurs. Another case of the quasi-steady state condition is that in which the top boundary condition allows E p to change in time while the water table depth remains constant due to the lateral groundwater inflow (GW in ) compensating evaporative loss E g . In this case, E ss can be expressed as follows:
Transient state condition
Realistic soil evaporation is when transient conditions are taken into account, i.e. when all state variables change in time, along with the boundary conditions at the soil surface (the evaporative conditions) and at the bottom of the soil domain (i.e. water table changes in time due to evaporation, recharge and lateral flow from the aquifer). The E u and E g fluxes are calculated, then, as follows:
where (GW in − GW out ) is the term representing the net flow across the bottom of the soil profile; Δθ f−r is the amount of water exchanged between saturated and unsaturated zones due to rising or falling of the water table. The mathematical justification and derivation of Equations (14) and (15) is included in Appendix B. Concluding, in order to source evaporation in transient conditions, it is necessary to:
• know Z WT for every time step;
• know the θ sat and θ r of the soil material at every depth;
• know E p and the quantity of water infiltrating at the top of the profile; • calculate the soil moisture profile changes by calculating the coupled flows of heat, vapour and liquid water.
The HYDRUS1D model
The proposed framework for evaporation sourcing has been implemented using a one-dimensional (1D) model able to calculate the coupled flows of heat, vapour and liquid water depending on boundary conditions that are allowed to change in time. The HYDRUS1D model (Šimůnek et al. 2009 ) has been selected because it permits the implementation of different physical processes listed in Section 1.2, it is widely used and tested, and it is freely downloadable from the PC-PROGRESS webpage. The HYDRUS1D version 4.14 solves either the liquid water flow only or the coupled flows of heat, vapour and liquid water (Saito et al. 2006 , see Appendix C). The HYDRUS1D model gives as output the soil moisture content at any node of the model, and the total water balance of the simulated porous media (including evaporation). The output from HYDRUS1D, hence, can be used to feed the equations of Sections 2.1 and 2.2; however, it does not directly source evaporation.
The SOURCE package
The HYDRUS1D output includes fluxes of liquid water and vapour calculated in each node of the soil profile (NOD\_INF file), the output and input fluxes at the top and bottom boundaries for every time step and the total amount of water in the system (T\_LEVEL file). We have developed and implemented a post-processing package, which we call "SOURCE", to calculate E g and E u using HYDRUS1D simulation output. The SOURCE package is written in Python programming language (Ascher et al. 2001) . It takes the ASCII output files of the HYDRUS1D simulation as input and, depending on the particular boundary conditions chosen for the model, calculates the sourced evaporation fluxes, both for every time step and as an average over the period of the simulation. The result of the calculation is printed in an output file. In addition to these calculations, the model also provides a quality flag which defines differences between E u values calculated with two different, independent water balances, one using the node fluxes in the NOD\_INF output from HYDRUS1D, the other one using the calculation of E g from E ss from the T\_LEVEL file, where the boundary fluxes are given; the flowchart explaining the functioning of the SOURCE package is presented in Figure 3 . The sourcing dependence on the bottom boundary conditions is as follows: (a) in the case of quasi-steady state conditions with constant Z WT , Equation (13) (14) and (15) are applied; (c) in the case of transient conditions but in a soil profile isolated from the aquifer (no-flow boundary), Equation (9) is applied. In the case of steady state, no sourcing is required since E ss = E g .
Simulations
To investigate the consequences of the application of the presented framework, the SOURCE package has been used to source the evaporation calculated by HYDRUS1D in a series of simulations with the following two objectives: (a) to test the definitions of "shallow" and "deep" water table assumptions, using the quasi-steady state conditions, and to study how these assumptions hold with daily changes in the water fluxes; (b) to test the ability to source E ss of two measurement techniques: the water table fluctuation method (Gribovszki et al. 2010 ) and the "bucket method" (in the implementation by Wilson et al. 2001) . 2.5.1 Quasi-steady state: "shallow" and "deep" water table simulations We prepared two numerical experiments to check the definitions of (a) the "shallow water table assumption", where E gẼ ss , and (b) the "deep water table assumption", where E u = E ss . We repeated both numerical experiments two times: first using the HYDRUS1D model with only liquid water flow, and then using HYDRUS1D solving the coupled flows of heat, vapour and liquid water.
The "shallow water table" numerical exercise aimed to determine the depth at which E g~Ess ; the exercise was set up and modelled with HYDRUS1D as follows: (a) shallow soil profile (1.0 m deep) with vertical discretization of 100 nodes/ m; (b) different homogeneous soils such as sand, silt and clay varied between simulations applying standard HYDRUS1D soil material properties; (c) different bottom boundary conditions of constant water table depth (Z WT ) commonly referred as shallow (for example by Johnson et al. 2010 ) such as 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 m; (d) top boundary conditions set up as fluctuating evaporative conditions, using the dataset for the day 27 July 2010 from the semi-arid area of Sardon, Spain, and repeated for the whole simulation period of 30 d; in this dataset, on day 7, a rain event was simulated to check whether E u was still~0 (0.002 m h −1 rain for a duration of 5 h); runoff was not taken into account; (e) initial conditions of hydraulic equilibrium.
The "deep water table" numerical exercise (aimed at determining the depth at which E g~0 ) was prepared as for the "shallow water table" except that we used (a) a deeper soil profile of 4.0 m depth; (b) deeper water table depths: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 m; (c) longer simulation period (200 d) and no rain event, in order to focus on the evaporation extinction depth.
Water table fluctuation simulations
The water table fluctuation method seems promising to obtain direct measurements of E g in field conditions. Hence, we tested its performance with a numerical exercise, from here onwards referred as "WTFS" (water table fluctuation simulations) aimed at observing water table fluctuations in the HYDRUS1D model (coupled flows of heat, vapour and liquid water) and calculating the related E g using two methods: (a) the standard technique from Gribovszki et al. (2010) , which from here on will be referred as the "WTF" (water table fluctuation) method and (b) the SOURCE package.
With HYDRUS1D we executed a simulation with (a) a shallow soil profile (2.0 m deep) with vertical discretization of 100 nodes/m; (b) two types of soil material hydraulic properties were considered: sandy loam standard material from the HYDRUS1D dataset (referred to as "standard") and sandy loam material actually observed in the field (Sardon, Spain; material referred to as "field"); the van Genuchten-Mualem (1980 , 1984 parameters for the two soil materials are shown in Table 1 ); (c) no-flow bottom boundary condition; (d) top boundary conditions set up as fluctuating evaporative conditions, using the dataset for the day 27 July 2010 from the semi-arid area of Sardon, Spain, repeated for the whole simulation period of 30 d; on day 7, a rain event was simulated (0.002 m h −1 rain for a duration of 5 h) to check whether E u was still~0; runoff was not taken into account; (e) initial conditions of hydraulic equilibrium with a water table depth of 0.5 m below the soil surface. The calculation of daily E g using the method according to Gribovszki et al. (2010) was done as follows:
where S y is the specific yield of the soil-aquifer system, r is the slope of the tangential line drawn to the groundwater level curve in the analysed day, and s is the difference in the observed groundwater levels over the 24 h period (Gribovszki et al. 2010) .
"Bucket" method simulations
We tested the "bucket" method using the output dataset from the simulation of the "deep water table" (see Section 2. "bucket" method; finally, we compared the results of the two methods. The "bucket" method was applied assuming the measurement of soil moisture at four depths in the soil profile (0.25, 0.50, 1.00, 1.50 m) and the soil profile was divided into the following four layers: first, from 0.00 to 0.375 m depth; second, from 0.375 to 0.750 m depth; third, from 0.750 to 1.250 m depth; and fourth from 1.250 to 2.000 m depth. The SOURCE package was applied on the whole HYDRUS1D output, hence the vertical discretization of the model (100 nodes/m) was applied.
Results
Quasi-steady state: "shallow" and "deep" water table simulations
The results of the HYDRUS1D-SOURCE "shallow water table" numerical exercise described in Section 2.5.1 are presented in Table 2 . It shows that with a water table at 0.2 m depth, the "shallow water table assumption" E ss = E g holds very well in the case of sand materials and is only slightly worse for silt and clay materials, for which E u represents less than 5% of E ss . When the water table is at 0.5 m depth, E g is reduced at the expense of E u by 10-20%, while at 1.0 m depth Table 1 . Soil hydraulic parameters used for the "field" and "standard" sandy loam materials: θ r is residual water content, θ s is saturated water content, α and n are parameters of the water retention function in the van Genuchten-Mualem model, K s is saturated hydraulic conductivity, l is tortuosity parameter in the conductivity function in the van Genuchten-Mualem model, S y is specific yield (calculated using the other parameters by the van Genuchten-Mualem model). by more than 50%. It is noteworthy that in sand the E g /E ss ratio for "liquid only" simulation (L), applying the van Genuchten-Mualem (1980) soil hydraulic model (GM), is zero, i.e. E ss = E u , already at 0.5 m depth. This is due to the numerical approximation; in reality it is not zero, but a very low value (~0.01%). In the model experiment including vapour flow, i.e. in the coupled flows of heat, vapour and liquid water (Lv), with sand material and 50 and 100 cm depth, the simulations did not converge. For the same sand material simulations, but using the Brooks and Corey (1964) soil hydraulic model (BC), different results were obtained: at 0.5 m depth, E g represented 95-96% of E ss , while at 1.0 m depth E g was still 33-36% of E ss and the results of simulations with liquid water flow only (L) or with the coupled flows of heat, vapour and liquid water (Lv) were similar ( Table 2) . The results of the HYDRUS1D-SOURCE "deep water table" numerical exercise described in Section 2.5.1 are presented in Figure 4 . In that figure, the E g /E ss ratio is presented as a function of water table depth (Z WT ) for different types of soil in two simulation forms: with liquid-only water flow (L) and with the coupled flows of heat, vapour and liquid water (Lv). It can be observed that in sand E g becomes negligible already at the depth of 40 cm, in sandy loam at 1.5 m and in silt and clay at 4.0 m. In sand material, the inclusion of the coupled flows of heat, vapour and liquid water results in a slightly larger (deeper) evaporation extinction depth; in sandy loam the evaporation extinction depth does not change; while in silt and clay, the evaporation extinction depth is shallower. It is interesting that in silt and clay at depth > 3.0 m, E g appeared only after some simulation time and the starting time was dependent on Z WT as well as on the vertical discretization of the profile (small E g rates did not appear with coarser discretizations than the one used in this study). For example, when Z WT was at 3.5 m, E g started only after 150 d (i.e. 5 months).
The diurnal variability of E ss and its two components, E g and E u , for Z WT = 0.5 m ("shallow water table" simulation) and for Z WT = 2.0 m ("deep water table" simulation) is presented in Figure 5 . In the shallow water table simulation (Fig. 5a ), during early morning E ss is zero or close to zero and it starts to increase through the morning when solar radiation increases, so that the soil surface temperature also increases, reaching its maximum at 14:00 when the largest amount of water is transmitted through the soil to maintain the high evaporative rates (Fig. 5a) . Afterwards, the E ss rate decreases, due to the decrease of incoming solar radiation and soil temperature. E u reaches its maximum at approximately 10:00, to decrease later and cease completely at 16:00 when the first layer of the profile has dried up. This is in agreement with the daily evaporation behaviour explained in Zeng et al. (2009b) . In the case of deep water table (Z WT = 2.0 m) simulation (Fig. 5b ), E ss , E u and E g increase in the morning, following the increase of evaporative condition and the increase of the soil surface temperature. That increase lasts only until~9:00, when E u and also E ss reach their maxima at the same time (as E g is already stable and low) and then rapidly decrease. The initial increase of E u (and E ss ) is abruptly stopped when the top unsaturated zone dries up, as E ss is limited to the rate at which groundwater can reach the soil surface from the deeper part of the profile. Therefore, during the afternoon, E ss is dominated by E g while E u declines nearly to zero as the unsaturated zone dries up completely. Table 2 . Cumulative E g /E ss (groundwater evaporation/subsurface evaporation) ratio for 30-day simulations with rainy event occurring on day 7 of simulation, for three different water table depths (Z WT ), with either liquid-only water flow (L) or liquid and vapour water flow (Lv), and using either the van GenuchtenMualem (GM) or Brooks and Corey (BC) soil hydraulic models; n.c. means not converged. E ss , E g and E u as functions of depth at two instances of time, one in the morning at 10:00 and the other in the afternoon at 15:00 for simulation day 200 of the "deep water table" simulation with the coupled flows of heat, vapour and liquid water and "standard" sandy loam material, are shown in Figure 6 . E p at the two times of the day was 5 × 10 −3 m d −1 at 10:00 and 2 × 10 −2 m d −1 at 15:00; the two instances were selected as representatives of the "early morning" and "daily peak" E p conditions, respectively. As expected, the evaporation rates are much higher in the "daily peak" conditions, but only for shallower water table depths (0.0 to 1.5 m depth), while below 1.5 m depth the evaporation rates are higher in the "early morning" conditions. In both "early morning" and "daily peak" conditions, E ss remains at maximum rates (E ss = E p ) for shallower water table conditions, and at a certain Z WT starts to decline (Z WT = 2.5 m for the "early morning" condition and Z WT = 1.0 m for the "daily peak" condition). In both conditions, E g rates are higher for shallower Z WT and decrease with depth. The E u rates are low for shallower Z WT (when soil is completely saturated so there is no unsaturated zone) and increase with increasing Z WT , reaching a maximum for a certain water table depth corresponding to the depth at which E ss starts to decline; below that water table depth, E u starts to decline as well.
Water table fluctuation simulations
The results of the two water table fluctuation simulations (WTFS), applying "field" and "standard" sandy loam material (Table 1) carried out as described in Section 2.5.2. are presented in Figure 7 . The output of the "field" sandy loam simulation shows a decline of pressure head with diurnal pressure head fluctuations at the bottom of the profile of order of~0.04 m (which would be easily detected by a pressure transducer recorder) lasting 13 d and no fluctuations for the remaining days of the simulation, i.e. until day 84. The output of the "standard" sandy loam simulation shows a gentler decline of pressure head without fluctuations throughout the entire 84 d of simulation (Fig. 7) .
Applying the WTF method of data processing (Gribovszki et al. 2010) , in the case of the "field" sandy loam simulation (with S y = 0.15 assumed constant in depth), the E g daily rate for the period with water table fluctuations was~5.3 × 10
while the total cumulative evaporation for the whole simulation period of 84 d was~72 × 10 −3 m. Applying the same WTF method for the "standard" sandy loam simulation, E g was zero.
Applying the SOURCE package of data processing, in the case of "field" sandy loam the average E g rate calculated for days 1-13 (when fluctuations were still visible) was 5.3 × 10 −3 m d −1 , i.e. the same as calculated by the WTF method. However, in contrast to the WTF method, the SOURCE package was able to estimate E g when water table fluctuations were not visible (or not detectable by pressure-transducer recorders); these E g values were of the order of 1.5 × 10 −3 m d −1 average for days 1-13. Applying the SOURCE package, the average E g rate for the whole simulation period of 84 d for the "field" sandy loam was 3.2 × 10 −3 m d −1 (total cumulative~222 × 10 -3 m) while for the "standard" sandy loam 0.7 × 10 -3 m d −1 (total cumulative~56 × 10 −3 m).
"Bucket" method simulations
The results of the two "bucket" method simulations comparing the sourcing performed using the SOURCE package with the sourcing performed with the method proposed by Wilson et al. (2001) are presented in Table 3 . Both simulations were carried out with the "field" sandy loam data and "deep" water table (Z WT = 2.0 m) as explained in Section 2.5.3. The results show that in the simulated semi-arid conditions, the Wilson et al. (2001) "bucket" method estimates of E ss , E u and E g are substantially lower than those derived by the SOURCE package. Figure 6 . E ss , E u and E g estimates as dependent on Z WT at two times of the day differing by E p , at (a) 10:00 (E p = 5 × 10 −3 m d −1 ) and (b) 15:00 (E p = 2 × 10 −2 m d −1 ). Results from the "deep water table" simulations with coupled flows of heat, vapour and liquid water, stable water table bottom boundary conditions, initial conditions of hydraulic equilibrium, "standard" sandy loam material as described in Table 1 . Figure 7 . Fluctuation of pressure head at bottom boundary due to diurnal fluctuation in evaporation, for the "standard" and "field" materials described in Table 1 as simulated by HYDRUS1D with the coupled flows of heat, vapour and liquid water. Table 3 . Comparison of the sourcing of E g in "field" sandy loam soil with Z WT = 2.0 m, performed by the "bucket" method used by Wilson et al. (2001) and the SOURCE package.
Sourcing approach
4.1 Quasi-steady state: "shallow" and "deep" water table simulations
The E g /E ss ratio presented in Table 2 shows a general decline with depth, illustrating the decline of E g and increase of E u contributions in the E ss . At the Z WT = 0.2 m condition, E g /E ss ≥ 0.95, which means that the E u contribution in E ss is ≤5%. For greater water table depths (0.5 m and 1.0 m), E g /E ss is smaller, so the contribution of E u increases (although only to a certain depth, as seen in Fig. 6 ). To remove common ambiguity in the term "shallow" groundwater, we propose that the "shallow groundwater assumption" is valid when E g > 0.95E ss . The advantage of this "shallow" water table depth definition is that it is not arbitrary and does not refer to any unique water table depth, but is environmentally dependent, being defined by quantitative sourcing constraints. The relations between E g and Z WT (Fig. 4) found in this study for various soil hydraulic properties using the coupled flows of heat, vapour and liquid water version of the HYDRUS1D model and the SOURCE package, are similar to the relations presented by Shah et al. (2007) . However, their HYDRUS1D model was run with liquid flow only, with total saturation as an initial condition and no-flow condition at the bottom boundary (in our study, initial conditions were of hydraulic equilibrium and fixed bottom boundary conditions). The differences in the setup of the simulations resulted in a slightly deeper evaporation extinction depth in the Shah et al. calculations (2007) as compared to ours presented in Figure 4 (few centimetres for sand and sandy loam, almost 1.0 m for silt and clay). In Figure 4 it is possible to see that the "shallow water table assumption" depth is between 0.4 and 0.75 m for all the four soil types. Below that depth, E g /E ss decreases sharply in the case of the sandy materials and more slowly for clay materials, until it reaches a point at which it is zero or close to zero, which is the evaporation extinction depth at which the "deep water table assumption" is true.
The use of the coupled Lv model instead of the liquid only (L) model results in different changes in the evaporation extinction depth for different materials: the model increases the depth for sand while it decreases the depth for silt and clay materials (there is no change in the evaporation extinction depth of sandy-loam material). When the coupled flows of heat, vapour and liquid water version of the model is used, the water flows in the models are of two types: the liquid water flow and the water vapour flow. The latter is driven by water vapour density and temperature gradients. In the case of a shallow water table there is an abundance of soil moisture in the upper profile, where the gradients of temperature and water vapour density in the upper profile result in an upward water vapour flow, increasing the E g evaporation extinction depth. In the case of a deep water table, the soil moisture is abundant in the deeper part of the profile, where the temperature and water vapour density gradients are smaller, and often reversed (Zeng et al. 2009b) , resulting in a downward water vapour flow. In contrast with sand material, the evaporation extinction depth for silt and clay (St and C in Fig. 4) is >2.5 m, i.e. in the deeper part of the profile; the downward water vapour flow implies that the evaporation extinction depth is decreased. The evaporation extinction depth for sandy-loam material results in water vapour fluxes being~0.
The definition of "deep water table assumption" is also difficult because models sometimes require time to reach equilibrium for E g to start to be active, as described in Section 3.1. We observed that the time required to reach equilibrium depends on vertical model discretization (in order for the model to be able to calculate the small E g flux, high discretization is required) and on Z WT : for E g to start to be active, the simulated unsaturated zone must first reach equilibrium with the E p conditions at the top boundary and then remove free water from the unsaturated zone; the larger Z WT means a thicker unsaturated zone, hence, more time to reach equilibrium. When the water content in the unsaturated zone decreases (due to E u , which also declines in time), E g gradually increases. For example, in Section 3.1 we explain that if the evaporation extinction depth of E g in silt and clay is 3.5 m, E g needs a period of 5 months with stable evaporative conditions without rain to become active. Therefore, in the definition of "deep water table assumption", time has to be included together with the evaporation threshold below which E g is neglected. The Z WT threshold below which E g = 0 also depends on soil hydraulic properties and on the expected total time without rain. Accurate knowledge of the soil hydraulic properties affecting water flow is, therefore, required to model E g , especially when working with small magnitude fluxes, as in arid and semi-arid conditions.
The sourcing of E ss is a dynamic process, as can be observed in Figure 5 and 6. During a typical summer day, the first water to evaporate is the water in the upper profile of the soil (the upper part of the unsaturated zone). The increase in potential evaporation conditions results in a peak of E u during the morning (Fig. 5) . The related decrease of water quantity in the topsoil triggers the decrease of E u and the increase of E g , which reaches its maximum E g = E ss when the topsoil profile is dry (E u = 0). This means that the maximum E g depends on the amount of soil moisture present in the top profile.
In Figure 6 we see that when Z WT is close to the surface, the E g is comparable to E ss , which corresponds to the "shallow water table assumption": the upward capillary flow of water from the saturated zone is sufficient to meet E p . With increasing Z WT , E g decreases, while E u initially increases, reaching a maximum (in Fig. 6a at~2 .5 m and in Fig. 6b at~1.0 m) , and then decreases again. The different patterns of the evaporation in the morning (Fig. 6a ) and in the afternoon (Fig. 6b ) are due to different E p conditions at the soil surface, which result in E u peaks at different times of the day: the time at which a peak of E u happens depends on water table depth. In the morning (Fig. 6a ), E u is more relevant than E g for all deeper Z WT (Z WT > 1.5 m) due to the morning evaporation of soil moisture in the unsaturated zone (Fig. 5) , while in the afternoon (Fig. 6b) E g is the more relevant term at deeper Z WT (Z WT > 1.5 m).
The analysis of the "deep water table" simulations (Section 2.5.1, Figs 5 and 6) shows that the relative relevance of E g and E u changes dynamically during a day, depending on the soil moisture stored in the unsaturated zone, and on the depth to groundwater. It can be noticed in Figure 6 that the depths at which E u > E g , E u = max, E g = max depend on the time of the day, which makes the definition of concepts such as "shallow water table assumption" and "deep water table assumption" difficult but not impossible. The proposed framework, to our knowledge, represents the first step towards précising these frequently used in hydrology terms.
Water table fluctuation simulations
The E g -related water table fluctuations are difficult to detect as they are usually low in magnitude and typically observed only for short period of a few days: this makes it difficult to assess E g as a function of water table fluctuations, even in sites where such fluctuations are detectable. The amplitude of water table fluctuations induced by the diurnal variation of evaporative conditions and successive groundwater replenishment from the upstream areas depends to a large extent on the soil hydraulic properties and on Z WT , and it is often below the pressure transducer accuracy. In our WTFS simulations, the difference in soil material properties between "standard" and "field" sandy loams (Table 1) , and more specifically in the α parameter (reciprocal of the air entry pressure) of the van Genuchten-Mualem soil hydraulic model, with all other conditions held the same, resulted in visible fluctuations only for the "field" material.
The air entry pressure (1/α) is the value below which fluctuations in pressure head do not result in changes in soil moisture content. The changes in evaporative conditions at the top boundary of the profile result in changes in the pressure head in the topsoil: the value of the α parameter for the "field" sandy loam allows these changes to be transmitted through the profile and results in fluctuations of Z WT , while the value of the α parameter for the "standard" sandy loam does not. This means that the accurate determination of the spatial variability of the α parameter is required in order to use the WTF method properly in field conditions. Other difficulties in applying this technique to field conditions is the challenge in filtering out the E g signal affected not only by standard bias, such as Earth tide, Moon tide etc., but also by the influence of lateral groundwater flow and the impact of adjacent plants.
"Bucket" method simulations
In the "bucket" method of Wilson et al. (2001) , E g is disregarded due to the fact that Z WT = 2.0 m, i.e. the depth at which E g is usually neglected, while in the SOURCE package approach E g = 54% of E ss . In the Wilson et al. (2001) "bucket" method, E u = 0.3 × 10 −3 m d −1 is also underestimated (Table 3) because of its lower vertical resolution of water content, assuming only four soil layers with estimates of internally homogeneous water content in each layer. Assuming more layers would yield a higher accuracy, but the number of layers is restricted by the number of soil moisture monitoring probes it is technically possible to install in a profile without measurement interference. In the Wilson et al. (2001) "bucket" method, an error in the calculation of E ss is introduced by the assumptions that (a) E g can be calculated using an analytical model (not used in our case because Z WT = 2.0 m was the evaporation extinction depth, so that E g = 0) and (b) soil moisture is internally homogenous in the soil layers where the soil moisture probes are installed. In semi-arid and arid areas, where water fluxes (liquid and vapour) are usually small, it is likely that the error introduced by these two assumptions is large as compared to the magnitude of E ss itself. All the problems of the "bucket" method, as well as the problems of the WTF technique, can be handled by the SOURCE package, which is able to source E g and E u whenever the field soil evaporation conditions are well simulated using a calibrated and validated HYDRUS1D model.
Conclusions
We propose a framework for sourcing of subsurface evaporation in bare soils focusing on two sources, the groundwater and the unsaturated zone moisture, in line with the sourcing equation E ss = E g + E u . For each of the sourced components we define its physical description in steady state, quasi-steady state and transient conditions. The definitions proposed have been implemented in the novel "SOURCE" package, sourcing the E ss output from the HYDRUS1D model into E u and E g .
The use of the SOURCE package over the HYDRUS1D bare soil simulation allows sourcing of E ss into E g and E u components.
The sourcing simulations indicated that E g is usually oversimplified in existing evaporation studies, especially in semiarid and arid conditions where water fluxes are low, but E g is typically a relevant component of groundwater balance.
The application of the SOURCE package to the sourcing theories showed that small evaporative fluxes, especially evaporation from a "deep" water table, can be easily miscalculated or ignored when applying standard hydrological methods.
For the definition of the "shallow water table assumption" we propose the E g ≥ 95% E ss evaporative condition. The specific depth corresponding to that condition changes depending on soil hydraulic properties, on climatic conditions and on the time scale considered; these factors should be mentioned whenever such a definition is used. That depth should be calculated accounting for the coupled flows of heat, vapour and liquid water and considering specific hydraulic properties of the soil studied.
For the definition of the "deep water table assumption" we propose the E g = 0 evaporative condition. The specific depth corresponding with that condition should always be mentioned, together with the time scale considered. That depth should be calculated accounting for the coupled flows of heat, vapour and liquid water and considering specific hydraulic properties of the soil studied.
The "fluctuation method", normally used to determine evapotranspiration or transpiration only, has limited use for the determination of E g in field studies, due to the difficulty in finding conditions (particular soil texture, high E p during the daytime, very shallow water table) where measurable water table depth fluctuations caused by soil evaporation occur and can be filtered out from the signal composite.
Whenever the "bucket" method is used to source E ss in the field, all the limitations and conclusions of this study should be carefully considered: incorrect spacing and frequency of data acquisition of the profile soil moisture probes can result in miscalculation of E u , while the assumptions made on E g (e.g. depth at which it ceases) should be tested with a vadose zone water flow model simulation accounting for the coupled flows of heat, vapour and liquid water.
In order to properly source E ss with the SOURCE package under field conditions, it is possible to either measure the soil water fluxes directly (which is problematic, as explained above) or calculate them using a vadose zone numerical model (e.g. HYDRUS1D). The field measurements required will, hence, depend on the requirements of the vadose zone model; in the case of HYDRUS1D, good knowledge of the soil material properties, water table depth (for the bottom boundary conditions) and E p (for the top boundary conditions) is required for the preparation of such a model. Additional measurements (for example soil moisture measurements, matric potential measurements, eddy tower measurements, etc.) are also important in order to calibrate and validate the HYDRUS1D model. Once these conditions are met, the SOURCE package is able, in theory, to source E ss (a) even if no water table fluctuations are detectable, (b) with higher accuracy than the "bucket" method, (c) taking into account the contribution of the flow of water vapour in the soil.
To improve the E ss sourcing framework proposed in this study and better simulate small water fluxes typical of semiarid and arid areas, the SOURCE package should be tested on data for more accurate field conditions.
where Δt = t 2 − t 1 , Δθ rise is the loss of soil moisture due to rise of the water table, and S unsat is the change in water stored in the unsaturated zone:
where Z WT1 and Z WT2 are the vertical positions of the water table at times t 1 and t 2 , respectively (where t 2 > t 1 and Z WT1 > Z WT2 , i.e. with a rising water table), and θ t1 and θ t2 are soil moisture profiles at times t 1 and t 2 , respectively. The loss/gain of water due to a moving water table is the amount of water transferred from one zone to the other due to the movement of the water table. In the case of a falling water table, the water left behind is converted to unsaturated zone water: this amount should be taken out of the calculation because it is not evaporation (the water is not leaving the system). In the case of a water table falling due to E g , the definition of the water loss/gain is given by Equation (6). In the case of a rising water table due to an input of water from the unsaturated zone to the saturated zone (recharge R), the amount of water converted to saturated zone water is −θ sat dZ WT /dt = R + Δθ rise , with dZ WT /dt being negative due to the rising water table (water table depth decrease) and R and Δθ rise positive quantities, so we can write Equation (18) as:
